The tissue T 3 /T 4 ratio significantly increased in all organs except the kidney, averaging 330% in the brain and 50-90% in the other tissues. By contrast, exogenous T 3 and T 4 administration produced similar increases in serum free T 3 and in tissue T 3 , and the relative changes were not significantly different between different tissues. Conclusions: While the response to increased thyroid hormones availability was similar in all tissues, decreased thyroid hormone availability induced compensatory responses, leading to a significant mismatch between changes in serum and in specific tissues.
Introduction
Thyroid hormones (THs) produce their functional effects by interacting with the well-characterized nuclear TH receptors and possibly other membrane or intracellular receptors [1] . The biological effects of THs depend on their cellular concentrations, which exhibit a complex relationship with serum TH concentration because of the complexities of tissue TH metabolism and transmembrane TH transport [2] [3] [4] [5] [6] [7] . As a consequence, the assay of THs in serum may not be an accurate index of the functional state.
Discrepancy between plasma and tissue TH homeostasis has been reported in rare genetic diseases such as MCT8 deficiency [8] . It has also been suggested to occur in common clinical conditions such as heart failure [9] , as well as in some patients subjected to replacement therapy after thyroidectomy who still display symptoms related to hypothyroidism in spite of a normal plasma TH profile [10, 11] .
While the assay of plasma TH has been extensively validated and is largely used in routine clinical practice, determining tissue TH concentration is much more challenging. Immunological methods have been occasionally used by expert investigators [12] [13] [14] [15] , but the assay procedure is quite complex, its final yield is uncertain, and crossreactivity might occur. Mass spectrometry (MS) coupled to high-performance liquid chromatography (HPLC) has been proposed as a highly specific and sensitive technique to assay TH. MS-based techniques have been validated in plasma [16] and they appear to be superior to the classical immunological methods in specific groups of patients. Experimental investigations have shown that similar methods can be applied to tissue homogenates [17] [18] [19] [20] [21] [22] , and we have recently described an HPLC-MS/MS technique which includes a derivatization step and allows the assay of tissue triiodothyronine (T 3 ) and thyroxine (T 4 ) in tissue samples weighing only 50-300 mg [23] .
In the present investigation, HPLC-MS/MS was used to determine tissue-specific T 3 and T 4 concentration in rat organs under control conditions, in propylthiouracilinduced hypothyroidism, and after administration of exogenous T 3 or T 4 . Our aim was to characterize tissue TH distribution and the T 3 /T 4 ratio, and to evaluate whether the effects of experimental hypo-and hyperthyroidism were homogeneous in different organs.
Methods
Chemicals T 4 and 3,3 ′ ,5-T 3 were purchased from Sigma-Aldrich (St. Louis, Mo., USA), whereas 13 C 6 -T 4 (thyroxine-[ 13 C 6 ] • HCl) and 13 C 6 -T 3 (3,5,3 ′ -triiodothyronine-[ 13 C 6 ] • HCl) were from IsoScience (King of Prussia, Pa., USA). Unless otherwise specified, all other reagents were from Sigma-Aldrich. Solvents for HPLC-MS/MS measurements were LC-MS grade, and the other chemicals were HPLC or reagent grade.
Experimental Procedures
Principles of laboratory animal care were followed and the study was performed in accordance with the European Directive (2010/63/UE) and Italian law (D.L. 26/2014). The study was approved by the Local Ethical Approval Panel. Twenty Wistar outbred albino rats (2-3 months of age, both genders) were kept in our local animal husbandry facility and housed 1-2 per cage in a room with controlled 12-/12-hour light/dark cycle, temperature (21 ± 0.5 ° C), and relative humidity (55 ± 2%). They were fed with 4RF18 standard rat diet for long-term maintenance (Mucedola, Milano, Italy). Water and food were available ad libitum. All efforts were made to minimize suffering. Rats were randomly allocated to receive one of the following treatments: (1) administration of 6-propyl-2-thiouracil in drinking water to a final concentration of 0.05% (w/v) for 3 weeks, (2) subcutaneous infusion of synthetic T 3 at the dose of 6 μg/kg/day for 3 consecutive days through an osmotic pump (Model 2002, Alzet, Palo Alto, Calif., USA) subcutaneously implanted in the interscapular space, or (3) subcutaneous injection of T 4 at a dose of 250 μg/kg/day for 6 consecutive days. Age-and gender-matched rats were treated with subcutaneous infusion of saline for 6 days and used as controls. In each experimental group, a similar number of females and males were used (the difference was equal to one at most).
At the end of each specific treatment, animals were anesthetized (50 mg/kg Zoletil ® + 3 mg/kg xylazine) to collect 2 ml of blood from the femoral vein, and then sacrificed by a lethal KCl injection. The following organs were harvested, rinsed in saline to remove residual blood, frozen in liquid nitrogen and stored at -80 ° C until usage: brain, heart (right ventricle), kidney, liver, and white subcutaneous and visceral adipose tissue. Blood was immediately centrifuged at 5,000 g for 10 min and serum was assayed to determine the circulating levels of free T 3 and T 4 by AIA 21 analyzer (Eurogenetics-Tosoh, Turin, Italy).
Tissue T 3 and T 4 were assayed by HPLC coupled to tandem MS, as described previously [23] , with minor changes. Homogenization, extraction, and assay techniques are detailed in the supplementary material (for all online suppl. material, see www. karger.com/doi/10.1159/000443523) and they were different for denser tissues (heart, liver, and kidney: procedure a) and for lipidrich tissues (adipose tissues and brain: procedure b). Quality control data for the two procedures are summarized in table 1 , and further details are provided in the supplementary material.
Statistical Analysis
Results are expressed as means ± SEM. Differences between groups were analyzed by ANOVA. Pairwise group comparisons were performed by Tukey's post hoc test (when comparing different tissues) or by Dunnett's post hoc test (when comparing different conditions vs. control). The threshold of statistical significance was set at p < 0.05. GraphPad Prism version 6.0 for Windows (GraphPad Software, San Diego, Calif., USA) was used for data processing and statistical analysis.
Results
The effectiveness of the experimental procedures used to induce hypothyroidism and hyperthyroidism was confirmed by the assay of the free fractions of T 3 and T 4 in serum, which are summarized in table 2 . Treatment with propylthiouracil determined a 70% decrease of free T 3 , while free T 4 was virtually undetectable. Infusion of T 3 and T 4 was meant to produce a moderate increase of serum free T 3 , which was about 2-fold and 6-fold higher ( table 5 ) . Interestingly, a similar profile of T 3 and T 4 distribution can be derived from the classic paper by EscobarMorreale et al. [13] ( fig. 1 , lower panels), although the absolute values obtained by the present assay technique for heart, liver, and kidney were substantially higher (by 2-to 5-fold).
Tissue T 3 and T 4 concentrations measured after treatment with propylthiouracil, exogenous T 3 , or exogenous T 4 are summarized in tables 3 and 4 , while in figure 2 they are expressed as a ratio to the average baseline concentration. Propylthiouracil administration caused a remarkable reduction of tissue T 3 and T 4 levels in all tissues. The effect was not homogeneous since the ratio to baseline concentration showed a wide variability for both T 3 and T 4 . In particular, the reduction was more severe in the liver, kidney, and brain than in the heart and adipose tissue. Serum T 3 underestimated tissue hypothyroidism since tissue T 3 was always lower than 6% of the baseline, while serum T 3 values averaged about 30% of the baseline. A different trend was observed for serum T 4 , which was virtually undetectable and therefore appeared to be more severely reduced than tissue T 4 . Interestingly, propylthiouracil treatment caused a significant increase in the T 3 /T 4 ratio in all tissues, except the kidney ( table 5 ) .
We used two different models of hyperthyroidism, namely exogenous T 3 or T 4 administration. Treatment with exogenous T 3 doubled serum T 3 and reduced serum T 4 to 25% of the baseline. However, the normal pattern of tissue distribution was conserved since the relative changes in tissue T 3 and T 4 were close to those occurring in serum.
Exogenous T 4 was infused in the last experimental group, at a dose that increased serum T 4 by about 7-fold and serum T 3 by about 6-fold. Both T 3 and T 4 were increased in all tissues, and the relative changes versus the baseline did not show significant differences between tissues, although the increase of tissue T 3 was slightly lower in the brain. The T 3 /T 4 ratio was similar to the baseline values in all tissues except the brain, where it decreased from 75.3 ± 10.0 to 20.5 ± 1.7% ( table 5 ) .
Discussion
We assayed tissue THs in several rat tissues using a novel technique based on MS, which represents a development of the methodology that we have used in previous Data represent means ± SD. Accuracy is the ratio of measured concentration to spiked concentration; precision is the coefficient of variation of repeated measurements within the same assay; recovery is the ratio of internal standard spiked before extraction to internal standard spiked after extraction; matrix effect is the ratio of internal standard spiked after extraction to internal standard dissolved in the reconstitution solvent. The table summarizes results obtained in the liver (for procedure a) and brain (for procedure b). See supplementary material for further details. Data represent means ± SEM. n.q. = not quantifiable since free T 4 (fT 4 ) was below the detection limit of the assay. The limits of detection for fT 3 and fT 4 provided by the manufacturer were 0.57 and 1.29 pmol/l, respectively. Group numerosity is different from the other tables because for technical reasons serum fT 3 and fT 4 were not determined in a few animals. Differences between groups were significantly different for each variable (p < 0.001 by one-way ANOVA). investigations. The values which we obtained were in general higher than those observed by investigators who used immunological methods [12] [13] [14] [15] [24] [25] [26] [27] , possibly due to the higher accuracy of the MS technique. Galton et al. [28] reported similar or higher concentrations in kidney and liver, but in that study the homogenates were incubated with β-glucuronidase and therefore tissue concentrations also included glucuronide conjugates of THs.
Previous attempts to assay tissue TH by MS provided similar [18, 22] or lower [17, 21, 23] concentrations. Some differences in tissue extraction were present, and in most previous papers validation parameters were not systematically determined or reported, so a direct comparison is difficult to make. The high accuracy of the present procedure (online suppl. material) and the favorable signal-tonoise ratio associated with sample derivatization [23] may have determined a significant improvement over the previous assays performed in our laboratory.
Additional issues to be taken into account when comparing different studies are the impact of gender differences, developmental age, and the possible persistence of blood in tissue capillaries. Although our samples were rinsed with saline, extensive perfusion was performed in other studies [13] and it may have been more effective in removing residual blood.
The pattern of tissue TH distribution that we have observed is quite consistent with the previous report by Escobar-Morreale et al. [13] . The wide differences in tissue TH concentrations, spanning nearly two orders of magnitude, might reflect differences in the density of TH binding sites. Apart from TH receptors, TH can be bound to several intracellular proteins, such as μ-crystallin, pyruvate kinase M2, aldehyde dehydrogenase, and glutathione S-transferase [21] , whose specific tissue concentrations have not been determined so far.
The ratio of T 3 to T 4 was much higher in the brain than in all other tested tissues. This finding is consistent with extensive brain T 4 metabolism. As a matter of fact, it has been estimated that only about 20% of brain T 3 derives from the circulation, while the large majority is produced locally through the action of deiodinases that show specific cell distribution [7, 29, 30] . Results are expressed as pmol • g -1 and represent means ± SEM. WAT = White adipose tissue. Two-way ANOVA yielded p < 0.001 for the effect of treatment and p < 0.001 for the effect of tissue. See figure 2 for pairwise group comparisons after normalization to the baseline. Results are expressed as pmol • g -1 and represent means ± SEM. WAT = White adipose tissue. Two-way ANOVA yielded p < 0.001 for the effect of treatment and p < 0.001 for the effect of tissue. See figure 2 for pairwise group comparisons after normalization to the baseline. Remarkable inhomogeneity in tissue TH concentrations was also apparent after inducing hypothyroidism with propylthiouracil. We actually observed that the relative decrease in TH concentration versus the baseline varied from tissue to tissue, implying that the impact of hypothyroidism was different in different tissues. The largest reductions were observed in the liver and kidney, which could be regarded as a homeostatic mechanism since these organs are directly involved in TH inactivation and excretion.
Notably, the T 3 /T 4 ratio was increased versus the baseline in all tissues except the kidney, suggesting that compensatory mechanisms included increased T 4 deiodination on the phenolic ring. Increased T 4 turnover is also consistent with the observation that serum T 4 was much more reduced than serum T 3 . A possible explanation for this finding is increased activity of D2 deiodinase, which is thought to mediate the bulk of T 3 production and is expressed in many tissues, including the brain, heart, skeletal muscle, and adipose tissue. D2 deiodinase has long been known to be inhibited by T 3 and T 4 at transcriptional and post-transcriptional levels, although direct ubiquitination may also occur [31] , and increased D2 activity has been specifically observed in brain, heart, and skeletal muscle in experimental models of hypothyroidism [6, 29, [32] [33] [34] . On the other hand, the dominant enzyme in liver and kidney is D1 deiodinase, which is known to be transcriptionally induced by T 3 and to be inhibited by propylthiouracil [6, 29, 32, 35] , consistent with the different response of the liver and kidney. However, we cannot exclude that the targeted action of propylthiouracil in the thyroid gland, namely inhibition of thyroperoxidase, may also contribute to the response observed in this experimental group.
Another hypothetical mechanism might be represented by changes in tissue TH availability, possibly linked to modulation of TH transporters [2] . As a matter of fact, complex changes in serum and tissue TH concentrations have recently been described in mice showing MCT8 and/or MCT10 deficiency [27] , although it has been reported that the thyroid state had little effect on the transcription of T 4 transporters, at least in the liver [36] .
Our findings underline the importance of local factors in the control of tissue TH concentrations and provide support to the concept that selective tissue hypothyroidism might occur even in the presence of normal concentrations of circulating TH, due to local changes in TH transport or metabolism. There is consistent evidence that this may be the case in heart failure, owing to increased cardiac D3 deiodinase activity [37, 38] .
Under conditions of increased TH availability, the picture was more homogeneous. Administration of exogenous T 3 or T 4 produced similar increases in tissue T 3 levels in all tested organs, if expressed as ratio to the baseline values. Apparently, compensatory mechanisms were more effective in experimental hypothyroidism than in experimental hyperthyroidism. From an evolutionary point of view this is not surprising. Progressive iodine elution from the earth's crust has made iodine deficiency a major challenge for terrestrial vertebrates, so the mechanisms regulating TH distribution and metabolism have been preferentially tuned against the risk of hypothyroidism [6, 39] . The brain is usually thought to be particularly resistant to changes in systemic TH availability, thanks to the expression of both D2 and D3 deiodinases, their complementary regulation, and the presence of a complex network of TH transporters [7, 24, 30] . We did observe some attempt at compensation during T 4 treatment, as the brain T 3 /T 4 ratio decreased from about 75 to about 20%; however, the brain homeostatic mechanism appeared to be limited in our model, in agreement with previous reports [40] .
An interesting observation is that T 3 treatment lowered tissue T 4 . This finding might be linked to T 3 -induced inhibition of TSH secretion, and its potential clinical impact should be considered whenever T 3 injections are used.
Our investigation has several limitations: we could not assay the concentrations of free TH in tissues, we did not try to assay TH derivatives (e.g. thyroacetic acid derivatives and thyronamines), we did not determine functional indices of tissue response to TH, and the time frame of the experiments was limited to a few weeks at most. However, we could show that while the response to increased TH availability was similar in all tissues, decreased TH availability induced compensatory responses, probably linked to changes in deiodinase activity and/or in transmembrane TH transport, leading to a significant mismatch between changes in serum and tissue levels, and to a significant inhomogeneity in the extent of tissue hypothyroidism. Further investigation of these issues will be necessary for a better understanding of the pathophysiology of hypothyroidism and for a deeper evaluation of the response to replacement or suppressive therapy.
